Stress intensity factors as a function of c/t for N radial
cracks subjected to the crack face pressure pc(x) = p.
3. Stress intensity factors as a function of c/t for N radial cracks subjected to the crack face pressure Pc(x) = p(l+x)~^. Oj-fOQ normal stress in the radial and tangential direction, respectively INTRODUCTION In a previous paper,! stress intensity factors were obtained, using 12-node quadrilateral, isoparametric elements, for a uniform array of equal depth radial cracks originating at the internal boundary of a pressurized thick-wall cylinder. To increase the maximum pressure a cylinder can contain, it is a common practice to produce a favorable residual stress in the cylinder by an autofrettage process. It is important to find the effect of residual stresses on the stress intensity factor for a cylinder with multiple cracks.
Using the concept of thermal simulation,2 the autofrettage residual stresses are simulated by active thermal loads. It is shown that the stress intensity factor for multiple radial cracks in a tube with residual stresses can be computed by the same finite element method. rately by making use of the finite element result for N = 2. When N or crack depth is large it is shown in this report that the load relief factor is not reliable because it varies with the nature of the load.
For a given geometrical configuration it is useful to use the weight function method. In the present approach the restrictive assumption that the crack opening displacement is a conic section^>^ is circumvented. There are only three types of hoop stress namely: constant, l/r^ and log (r), in an uncracked cylinder subjected to internal pressure, uniform tension on the outer boundary, and the autofrettage residual stress. This eliminates the need to assume the crack face pressure as a simple polynomial.^ It enables us to obtain stress intensity factors for each type of crack face pressure from three linear algebraic equations using three finite element results for the given geometry. The stress intensity factor can be readily calculated for any combination of internal pressure and any degree of autofrettage.
When the radial cracks progress beyond the elastic-plastic interface produced during the autofrettage overstrain, the algebraic equation for stress intensity factor breaks down because the crack face pressure cannot be represented by a simple expression. 
RESIDUAL STRESS AND THERMAL SIMULATION
For the case of plane strain, the stress distribution of a partially autofrettaged tube, using the von Mises' yield criterion for the incompressible material, is given byl2 
p < r < b (8)
The thermal stresses and the autofrettage residual stresses become equivalent if the temperature gradient of the thermal load and the uniaxial yield stress of the cylinder material have the following relation Ea(To-Tp) 2ao
where To or Tp may be assigned arbitrarily. Table I for An explanation is in order regarding negative stress intensity factors shown in Table I . A crack remains closed in a compressive residual stress region. The stress intensity factor is zero. The crack will open when a sufficiently large internal pressure is applied. The negative value of SIF is convenient in measuring the crack resistance against the opening by internal pressure and it should be understood as such.
The combination of the finite element method and thermal simulation method can be used to compute SIF for any degree of partial autofrettage.
However, it is expensive and time consuming to use finite element for parametric studies.
Therefore, we seek alternative methods for the computation of SIF for radial cracks in a partially autofrettaged tube in the following two sections. load relief factors to the solution of SIF for a 100 percent autofrettaged tube with two ID radial cracks due to Grandt.22 If the load relief factor works for a fully autofrettaged tube, then it should work for a partially overstrained tube also. Our study reveals that R values do vary with the nature of load. Strictly speaking, the concept of load relief factor does not work. However, for a thick wall cylinder subjected to the following three types of loading: (a) uniform tension pQ on CD, Grandt has applied this technique to obtain SIF for a large plate containing radial hole cracks' and for radially cracked rings22 loaded with arbitrary symmetric crack pressure. The SIF K for a specified crack face loading P(,(x), based on the weight function approach, is given by
where H is a constant, H = E for plane stress and H = E/(l-v^) for plane strain, K* is the known SIF for a given loading applied to the flaw geometry of interest, x is the distance from the edge of the hole, v is the crack opening profile corresponding to the known SIF K*. In Eq. The crack face loading p^Cx) in Eq. (13) for a cracked tube subjected to the autofrettage residual stress is given by the hoop stress, Eqs. (3) and (4), for an uncracked, overstrained tube
For e = 1, substituting from Eq. (14) into Eq. (13) Kc(r-2) = -J (1+x)-^ -dx
These raay be termed as functional intensity factors.
From the Lame' solution, the hoop stress in an uncracked cylinder subjected to uniform tension po on OD is
The same stress under internal pressure p^ is
Substituting ag for p^ in Eq. (13), the SIF for a radially cracked cylinder subjected to PQ or p^ is given by one of the following
If the left hand sides of Eqs. (22) and (23) In case c > et, the crack face pressure is a combination of Eqs. (14) and (15) .; therefore, Eq. (24) is not valid. If c/t = e+6 and 0 < 6 « 1 , we may use Eq. (24) to compute an approximate SIF and then use the following equation
to compute a corrective SIF, Kg
where
The final result of SIF for a small 6 > 0 is the sum of Kc(e), Eq. (24), and 
H ir
The derivative with respect to the crack length is than that for N = 40 for a given e and f. One may conclude that it is worse to have a single radial crack than to have a large number of radial cracks in an autofrettaged tube. This conclusion is similar to that found in the study of non-autofrettaged tubes. With some slight modification, the method used here can be applied to multiple CD cracks. The modifications and numerical results for OD cracks are to be reported elsewhere.
CONCLUSIONS
The finite element method together with the thermal simulation method can be used to compute the stress intensity factor for multiple radial cracks , emanating from the bore of a partially autofrettaged tube. The finite element results of K(po) , K(pi), and KQCE = 1.0) can lead to a system of algebraic equations for solving Kc(l), Kc(r~2), and Kc(log r). Using these results the weight function concept gives an alternative method for the determination of .SIF for any degree of partial autofrettage provided that the crack depth c/t is not greater than the percentage of autofrettage e. A correction formula is supplied for the SIF when c/t is slightly greater than e when N is small.
These expressions yield quite accurate results and can save a great deal of computing time.
The useful tube life is prolonged because of the autofrettage process.
The cylinder with two diametrically opposed cracks remains in general the weakest configuration. For more than two cracks, the stress intensity factor decreases as the number of cracks increases. The fatigue life is longer for cylinders with more radial cracks. 
